Functional variations in the secretogranin III (SCG3) gene are associated with susceptibility to obesity. SCG3 forms secretory granules with orexin, melanin-concentrating hormone (MCH), neuropeptide Y (NPY), and POMC in the hypothalamus. In this study, we screened proteins for SCG3-binding activity and identified secretogranin II (SCG2) using a yeast two-hybrid system. Immunoprecipitation revealed that SCG2 interacts with SCG3. In situ hybridization and immunohistochemistry indicated that SCG2 was highly expressed in the lateral hypothalamic area, paraventricular nucleus, and arcuate nucleus of the hypothalamus. Doublelabeling immunohistochemical analysis demonstrated that SCG2 was expressed in orexin-, MCH-, NPY-, and POMC-expressing neurons. SCG2 was also coexpressed with SCG3.
Introduction
Obesity is a major risk factor for diabetes, dyslipidemia, and hypertension (Kopelman 2000) . A combination of these metabolic disorders is defined as the metabolic syndrome (Matsuzawa et al. 1999 , Wilson & Grundy 2003 , and comorbidity of these conditions significantly increases the risk of cardiovascular diseases. Both genetic and environmental factors contribute to the development of obesity (Maes et al. 1997 , Barsh et al. 2000 , Rankinen et al. 2006 . Genetic studies on mice have suggested that mutations in several genes such as the leptin, proopiomelanocortin (POMC), and melanocortin-4 receptor genes are implicated in a monogenic form of inherited obesity (Barsh et al. 2000 , Rankinen et al. 2006 . However, most cases of obesity are caused by polygenic disorders; moreover, genetic susceptibility may differ among various ethnic groups (Barsh et al. 2000 , Rankinen et al. 2006 . We have recently reported that single-nucleotide polymorphisms (SNPs) in the secretogranin III (SCG3) and myotubularin-related protein 9 (MTMR9) genes are significantly associated with obesity ).
Many genes expressed in the hypothalamus play important roles in the regulation of food intake and are involved in the monogenic and common forms of obesity. For example, the fat mass and obesity-associated (FTO) gene is highly expressed in the hypothalamus and its expression is regulated by fasting and leptin (Frayling et al. 2007 , Gerken et al. 2007 ). Three groups have reported an association between SNPs in the FTO gene and obesity (Dina et al. 2007 , Frayling et al. 2007 , Scuteri et al. 2007 . Variations in the FTO gene have also been associated with obesity in Japanese subjects (Hotta et al. 2008) .
SCG3 is also expressed in the hypothalamus, as well as in many endocrine cells, such as pancreatic b-cells and pituitary cells (Taupenot et al. 2003 . SCG3 belongs to a family of acidic secretory proteins known as granins, which are widely expressed in endocrine and neuronal cells (Taupenot et al. 2003) . SCG3 mRNA has been cloned from brain-and pituitary-specific mRNA (Ottiger et al. 1990) , and is expressed in the paraventricular nucleus (PVN), lateral hypothalamic area (LHA), and arcuate nucleus (ARC) of the hypothalamus, which are important regions for appetite regulation . SCG3 is coexpressed with orexin, melanin-concentrating hormone (MCH), neuropeptide Y (NPY), and POMC in the hypothalamus, and it forms granule-like structures in association with these neuropeptides . Furthermore, SCG3 is known to bind chromogranin A (CGA) and targets it to the secretory granules in pituitary corticotroph cells and pancreatic b-cells (Taupenot et al. 2003 , Hosaka et al. 2005 , Han et al. 2008 . CGA coaggregates several peptide hormones in its core, and the aggregate form is directed to secretory granules by SCG3; thus, SCG3 has been proposed to function as a navigator of the peptide hormone carrier protein CGA to the secretory granules. However, in the hypothalamus, the type of peptide hormone carrier proteins, which SCG3 directs into the secretory granules, is unknown.
In the present study, we investigated the proteins that bind to SCG3 using a yeast two-hybrid system, and we found that secretogranin II (SCG2) was bound to SCG3. SCG2 was coexpressed with SCG3, orexin, and NPY, and it formed granule-like structures with them. We investigated the roles of SCG2 in carrying these appetite-related neuropeptides to the secretory granules.
Materials and Methods

Cell culture
The 293 Tet-On cell line (Clontech) was cultured in DMEM (Sigma-Aldrich Corp.) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin, and 100 mg/ml G418 disulfate. BE(2)-C neuroblastoma cells were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in advanced DMEM (Invitrogen) containing 2 mM glutamine, 5% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Animals
Male mice (C57BL/6, 8 weeks old) were purchased from CLEA Japan (Tokyo, Japan). After anesthetization with sodium pentobarbital (100 mg/kg), the mice were perfused with 10% neutral-buffered formalin. The brains were dissected, fixed with tissue fixative (Genostaff, Tokyo, Japan), embedded in paraffin, and sectioned. The tissue sections (6 mm) were dewaxed and used for in situ hybridization and immunohistochemistry.
Seven-week-old male C57BL/6 mice were provided regular laboratory chow (CRF-1; Oriental Yeast Co., Ltd, Tokyo, Japan) for 1 week and then deprived of food (free access to water) for 24 h. Male C57BL/6 mice (6 weeks old) were provided with regular laboratory chow or a high-fat diet (High Fat Diet 32; CLEA Japan Inc.) for 8 weeks. The diet composition, calculated as a percentage of total kilocalories, was as follows: regular laboratory chow (14% fat, 61% carbohydrate, and 25% protein) with 3 . 59 kcal/g; and high-fat diet (57% fat, 23% carbohydrate, and 20% protein) with 5 . 08 kcal/g. Male ob/ob and C/? mice (6 weeks old:
Oriental Yeast Co., Ltd) were provided with regular laboratory chow for 1 week. These mice were anesthetized with pentobarbital (10 mg/100 g of body weight). Plasma samples for leptin were obtained and frozen for later assays. A region bordered dorsally by the thalamus, rostrally by the optic chiasm, and caudally by the mamillary bodies was excised and immediately frozen for RNA preparation. Each experiment was performed at least three times. These protocols were approved by the animal ethics committee of RIKEN.
Screening of proteins for SGC3-binding activity using the yeast two-hybrid assay
The coding sequence of human SCG3 was amplified using reverse transcriptase-PCR (RT-PCR) from human brain RNA (Clontech) with primers containing an additional N-terminal EcoRI restriction site before the start codon and a C-terminal SalI restriction site before the stop codon. The PCR product was cloned between the EcoRI and SalI sites of the pGBKT7 vector (Clontech), which was used as the bait construct; the construct was transformed into Saccharomyces cerevisiae strain AH109. A pretransformed human brain Matchmaker cDNA library cloned into pGADT7-rec was purchased from Clontech. The library host strain Y187 was mated with strain AH109, which contained the bait construct, and was screened for proteins binding to SCG3.
Immunoprecipitation
The coding sequences of human SCG3 and SCG2 were amplified using RT-PCR from human brain RNA using primers with an additional N-terminal MulI restriction site before the start codon and a C-terminal EcoRV restriction site after the stop codon. The PCR products were cloned between the MulI and EcoRV sites of the pBI vector (Clontech). The coding region of human SCG2 was also amplified with primers that included an N-terminal NotI site before the start codon and a C-terminal SalI site after the stop codon. The PCR product was cloned between the NotI and SalI sites of the pBI-SCG3 plasmid. The pBI-SCG3 and pBI-SCG3-SCG2 constructs were transfected into a previously established HEK293 cell line containing the pTet-On vector (Clontech) using Lipofectamine 2000 reagent (Invitrogen). Protein expression was induced by adding 1 mg/ml doxycycline hydrochloride (ICN Biomedicals, Irvine, CA, USA). After 24 h, the cells were collected and homogenized in 1 ml lysis buffer (50 mM 2-(N-morpholino)-ethanesulfonic acid (MES)-NaOH, pH 5 . 5, 0 . 5% NP-40, 0 . 15 M NaCl, and 10 mM CaCl 2 ) containing complete EDTA-free protease inhibitor mixture (Roche Diagnostics). After centrifugation, the supernatant was incubated with 200 mg/ml rabbit polyclonal anti-SCG2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4 8C for 1 h. The samples were incubated with a 50% slurry of protein G Sepharose 4 Fast Flow (GE Healthcare Bio-Sciences, Ltd, Piscataway, NJ, USA) at 4 8C for 16 h. The slurry was washed thrice with lysis buffer containing SDS sample buffer, and analyzed by western blotting. The SCG3 protein was detected using goat polyclonal anti-SCG3 antibodies (Santa Cruz Biotechnology).
In situ hybridization for SGC2
Tissue sections of the mouse brain were hybridized with RNA probes as follows: the cDNA containing the entire coding region of mouse SCG2 was subcloned into pCRII-TOPO (Invitrogen). The plasmid was used to generate sense and antisense RNA probes. RNA was labeled with digoxigenin (DIG)-UTP via in vitro transcription with SP6 or T7 RNA polymerase using a DIG RNA Labeling Kit (SP6/T7; Roche Diagnostics). We performed hybridization with DIG-labeled RNA probes at 50 8C for 18 h. The bound DIG-labeled RNA probes were visualized by an ELISA with alkaline phosphataseconjugated anti-DIG antibodies, 5-bromo-4-chloro-3-indolyl phosphate, and nitroblue tetrazolium salt using a DIG Nucleic Acid Detection Kit (Roche Diagnostics).
Immunohistochemistry
Tissue sections were incubated at 4 8C overnight with goat polyclonal anti-SCG2 antibodies (1:200; Santa Cruz Biotechnology) and then with biotinylated anti-goat IgG (Dako, Glostrup, Denmark). After incubation with streptavidin-HRP, the tissue sections were incubated with 3,3 0 -diaminobenzidine tetrahydrochloride and counterstained with hematoxylin.
Tissue sections of the mouse brain were also incubated at 4 8C overnight with goat polyclonal anti-SCG2 antibodies (1:200) along with rabbit polyclonal antibodies against SCG3 (1:500; ProteinTech Group, Inc., Chicago, IL, USA), MCH (1:500; Phoenix Pharmaceuticals, Belmont, CA, USA), orexin-B (1:500; Chemicon, Temecula, CA, USA), NPY (1:500; PROGEN Biotechnik, Heidelberg, Germany), or POMC (1:5000; Phoenix Pharmaceuticals). The sections were then washed and incubated at room temperature for 2 h with the secondary antibodies Alexa Fluor 488 donkey anti-goat IgG (1:2000; Molecular Probes, Eugene, OR, USA) and Alexa Fluor 568 donkey anti-rabbit IgG (1:2000; Molecular Probes). Double immunofluorescence was detected using an Olympus BX51 microscope.
Expression of SCG2, SCG3, orexin, NPY, POMC, and MCH in BE(2)-C cells
The coding sequences of human SCG3, prepro-orexin, pro-NPY, POMC, and pro-MCH were amplified using RT-PCR from human brain cDNA with primers containing an additional N-terminal NotI restriction site and the Kozak sequence before the start codon and a C-terminal EcoRI restriction site before or after the stop codon. The PCR products were cloned between the NotI and EcoRI sites of the pcDNA3.1/myc-His(K) vector (Invitrogen). The coding region of human SCG2 was also amplified with primers that included an N-terminal NheI site before or after the start codon and a C-terminal HindIII site after the stop codon. The PCR product was cloned between the NheI and HindIII sites of the pcDNA3.1/myc-His(K) vector. The pcDNA-SCG2 vector was transfected into BE(2)-C cells along with pcDNA-SCG3, pcDNA-prepro-orexin, pcDNA-pro-NPY, pcDNA-POMC, or pcDNA-pro-MCH vectors with Lipofectamine 2000 reagent. For immunocytochemical detection, the cells were fixed with 4% paraformaldehyde for 15 min and then treated with 0 . 5% Triton X-100. The cells were incubated with goat polyclonal anti-SCG2 antibodies (1:500) along with rabbit polyclonal antibodies against SCG3 (1:500), orexin-B (1:500), NPY (1:500), POMC (1:5000), or MCH (1:500) in PBS containing 1% BSA overnight at 4 8C. The cells were washed and incubated with the secondary antibodies Alexa Fluor 488 donkey anti-goat IgG (1:2000) and Alexa Fluor 568 donkey anti-rabbit IgG (1:2000) at room temperature for 2 h. The cells were observed with an Olympus FV300 confocal laser-scanning microscope.
Aggregation assay
Recombinant rat SCG2-(29-620), orexin-(33-130), MCH-(22-165), NPY-(30-98), and mouse POMC-(27-235) were cloned into the pGEX-6P-1 vector (Amersham Place), and glutathione S-transferase (GST)-fusion proteins were produced in Escherichia coli strain BL21(DE3) and then purified on glutathione beads. To eliminate the GST fragment from the GST-fusion proteins, GST-fused SCG2-(29-620), orexin-(33-130), , , and POMC-(27-235) proteins were digested with PreScission protease (GE Healthcare Bio-Sciences). Each reaction mixture was centrifuged at 3000 g for 10 min to obtain SCG2-(29-620), orexin-(33-130), , . To examine the selfaggregation properties of orexin-(33-130), MCH-(22-165), NPY-(30-98), and POMC-(27-235), 0 . 5 or 1 mg/ml of each fragment was incubated in a solution containing 50 mM MES (pH 5 . 5), 0 . 1 M NaCl, and 10 mM CaCl 2 for 2 h at 37 8C with or without 1 mg/ml SCG2-(29-620), and then centrifuged at 100 000 g for 30 min at 4 8C. To prevent non-specific binding of proteins to the polycarbonate ultracentrifuge tubes, 0 . 01% TritonX-100 was added to the mixture (Song & Fricker 1995) . The pellets (aggregated protein precipitates) and the supernatants of the orexin, MCH, NPY, and POMC protein samples were directly subjected to SDS-PAGE, and the proteins were visualized by immunoblotting using the following antibodies: mouse anti-orexin A monoclonal antibody (R&D Systems, Inc., Minneapolis, MN, USA); rabbit anti-MCH polyclonal antiserum (Phoenix Pharmaceuticals); rabbit anti-NPY polyclonal antiserum (Phoenix Pharmaceuticals); and mouse monoclonal antibody to ACTH (Biogenesis Ltd, Poole, UK). The pellets and the supernatant fraction of the proteins were calculated using the NIH Image software program (http://rsb. info.nih.gov/nih-image/).
Quantitative analysis of RNA expression
Total RNA was prepared using TRIzol reagent (Invitrogen). The relative amounts of SCG2, SCG3, orexin, MCH, NPY, POMC, and b-actin mRNA were determined using quantitative real-time PCR. One microgram of total RNA was reverse transcribed using the SuperScript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions. Quantification of the PCR products was performed by measuring the fluorescence from the progressive binding of SYBR Green I dye to double-stranded DNA using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The quantities of the PCR products were normalized to the level of b-actin mRNA, which was used as an internal control. We used the following sets of primers: SCG2, 
Measurement of plasma leptin levels
The concentration of plasma leptin was determined by ELISA using a mouse leptin ELISA kit (Morinaga Institute of Biological Science, Inc., Yokohama, Japan).
Statistical analysis
Data are expressed as meanGS.D. Differences between the two groups were determined using a Student's t-test.
Results
Identification of proteins binding to SCG3
We screened proteins that interact with SCG3 using a yeasttwo hybrid system, and we found that SCG2 interacts with SCG3. We performed a b-galactosidase assay to confirm the binding of SCG2 to SCG3. To further confirm the specific interaction between SCG3 and SCG2, we conducted immunoprecipitation experiments. HEK293 cells were cotransfected with plasmids encoding SCG2 and SCG3, and the cell lysates were incubated with rabbit anti-SCG2 antibodies for immunoprecipitation. The precipitant was analyzed by Western blotting with goat anti-SCG3
antibodies. An immunoreactive band was clearly observed, suggesting that SCG3 interacts with SCG2 in the cell (Fig. 1) .
Expression of SCG2 in the hypothalamus and in culture cells
To confirm that SCG2 is expressed in the hypothalamus, as reported in several studies (Mahata et al. 1992 , Ang et al. 1997 , Hervé et al. 1998 , we performed in situ hybridization and immunohistochemical analysis. Both experiments revealed that SCG2 was intensely expressed in the dorsal LHA to zona incerta, PVN, and ARC. SCG2 was also expressed in the ventromedial nucleus and amygdaloid nucleus (Fig. 2 and the electronic supplementary data, see Supplementary data in the online version of the Journal of Endocrinology at http:// joe.endocrinology-journals.org/content/vol202/issue1/). We then investigated the relationship between SCG2 and appetite-related peptides by double-labeling immunohistochemical analysis, and we found that SCG2 was coexpressed with POMC and NPY in ARC cells (Fig. 3) . Next, we examined the relationship between SCG2 and two major neuropeptides, orexin and MCH, in the LHA. We found that many orexin-expressing neurons also expressed SCG2; however, MCH-expressing neurons exhibited a very low level of SCG2 (Fig. 3) . SCG2-expressing neurons also expressed SCG3, which is coexpressed with NPY, POMC, orexin, and MCH ; Fig. 3 ). SCG3 reportedly forms granule-like structures and colocalizes with orexin, MCH, NPY, and POMC when they are coexpressed in culture cells . The pBI-SCG3 or pBI-SCG3-SCG2 vector was transfected into HEK293 cells containing the pTet-On vector. Protein expression was induced by adding 1 mg/ml doxycycline hydrochloride. After 24 h, the cells were collected and homogenized in 1 ml lysis buffer containing protease inhibitors. After centrifugation, the supernatant was incubated with 200 mg/ml rabbit polyclonal anti-SCG2 antibodies at 4 8C for 1 h. The samples were incubated with a 50% slurry of protein G Sepharose 4 Fast Flow at 4 8C for 16 h. The slurry was washed with the lysis buffer and was analyzed by western blotting. The SCG3 protein was detected using goat polyclonal anti-SCG3 antibody.
To further investigate whether SCG2 also forms granule-like structures, we cotransfected BE(2)-C cells with plasmids expressing SCG2 and with those expressing prepro-orexin, POMC, pro-NPY, pro-MCH, or SCG3. It was found that SCG2 formed granule-like structures, as previously reported (Beuret et al. 2004) , and clearly colocalized with SCG3, orexin, NPY, POMC, and MCH (Fig. 4) . To further confirm the colocalization, we constructed vectors expressing the following fusion proteins: SCG2-V5; SCG3-myc; prepro-orexin-myc; POMC-myc; pro-NPY-myc; and pro-MCH-myc. Similar results were obtained when cells were transfected with these vectors and stained with anti-myc 
Aggregation assay
Because CGA has been reported to form a self-aggregate and a coaggregate with adrenomedulin in adrenochromaffin cells (Han et al. 2008) , we performed an assay to examine whether SCG2 forms a self-aggregate and coaggregate with orexin, MCH, NPY, and POMC. For this purpose, we prepared recombinant rat SCG2-(29-620), orexin-(33-130), MCH-(22-165), NPY-(30-98), and mouse POMC-(27-235). Self-aggregation was observed in orexin-(33-130), MCH-(22-165), NPY-(30-98), and POMC-(27-235), and coaggregation with SGC2 was enhanced by increasing the amounts of SCG2 (Fig. 5) . The interaction of SCG2 with orexin, MCH, NPY, and POMC was also confirmed using the yeast two-hybrid assay. By contrast, the assay and immunoprecipitation results showed that SCG3 interacted with POMC, but not with orexin, MCH, or NPY. . The samples were centrifuged and the pellets (P, precipitates of aggregated proteins) and supernatants (S) were directly subjected to SDS-PAGE (A). The amounts of protein in the pellet and supernatant fractions were calculated using the NIH Image software program (B). The coaggregate formation of orexin, MCH, NPY, or POMC with SCG2 was expressed as the ratio of protein amount in the pellet fraction to that in the supernatant fraction plus that in the pellet fraction. K HOTTA, M HOSAKA and others . Secretogranin II binds to secretogranin III
Regulation of SCG2 expression in the hypothalamus
To examine the regulatory mechanism of SCG2 in the murine hypothalamus, we examined the effects of fasting, a high-fat diet, and leptin deficiency on SCG2 expression. When mice were fasted for 24 h, their body weight and plasma leptin levels significantly decreased; the mean body weight and plasma leptin of the control mice were 21 . 0G0 . 6 g and 5 . 8G2 . 6 ng/ml respectively, and those of fasted mice were 17 . 3G0 . 3 g (P!0 . 0001) and 2 . 5G1 . 2 ng/ml (P!0 . 05) respectively. As shown in Fig. 6 , the mRNA levels of both SCG2 and SCG3 increased after a 24-h fast. Similarly, the mRNA levels of the orexigenic peptides orexin, MCH, and NPY also increased after a 24-h fast. By contrast, the POMC mRNA level decreased because of fasting. We repeated these experiments three times and obtained similar results; the mRNA levels of SCG2 in the control and fasted mice were respectively 0 . 68G0 . 02 and 0 . 89G0 . 01 (P!0 . 05) in the second experiment and 0 . 82G0 . 01 and 0 . 94G0 . 01 (P!0 . 01) in the third experiment. The mRNA levels of SCG3 in the control and fasted mice were respectively 0 . 72G0 . 01 and 0 . 92G0 . 01 (P!0 . 01) in the second experiment and 0 . 93G0 . 01 and 1 . 03G0 . 01 (P!0 . 01) in the third experiment. In situ hybridization indicated that SCG2 and SCG3 mRNA levels increased in the PVN and LHA after a 24-h fast. The mRNA levels in the ARC slightly increased (Fig. 7) .
When mice were fed with a high-fat diet for 8 weeks, their body weights markedly increased; the mean body weight and plasma leptin level of the control mice were 27 . 0G3 . 2 g and 5 . 9G2 . 5 ng/ml respectively, and those of mice fed with a high-fat diet were 33 . 4G2 . 5 g (P!0 . 001) and 47 . 9G18 . 0 ng/ml (P!0 . 0001) respectively. However, the mRNA levels of SCG2, SCG3, orexin, and MCH remained unaltered. In the other two experiments, no significant changes were observed in the mRNA levels of SCG2 and SCG3 when the high-fat diet was used. By contrast, the mRNA level of the orexigenic peptide NPY significantly decreased, whereas that of the anorectic peptide POMC significantly increased with a high-fat diet. Next, we examined the expression of these mRNAs in the ob/ob (leptin deficient; body weight, 46 . 7G2 . 8 g; plasma leptin, not detected) and C/? (control; body weight, 24 . 6G1 . 1 g; plasma leptin, 3 . 5G1 . 2 ng/ml) mice. We observed that the mRNA levels of SCG2, SCG3, orexin, and MCH were unaltered between the ob/ob and C/? mice, as seen in the experiment in which the mice were fed with a high-fat diet. In the other two experiments, no significant changes were observed in the mRNA levels of SCG2 and SCG3 between ob/ob and C/? mice. By contrast, the NPY mRNA level was significantly higher, whereas the POMC mRNA level was significantly lower in the ob/ob mice (Fig. 6 ).
Discussion
We found that SCG2 binds to SCG3, which based on SNP analysis, have an association with obesity ). SCG2 was highly expressed in the hypothalamic nuclei, PVN, LHA, ARC, and amygdaloid nucleus, which are known to form the main centre of appetite regulation (Schwartz et al. 2000) . Thus, we considered that SCG2 might play an important role in the regulation of food intake. The present study found that SCG2, together with SCG3, was expressed in the orexin-, NPY-, and POMC-expressing neurons. SCG2 Figure 6 Effects of fasting, a high-fat diet, and leptin deficiency on the mRNA expressions of SCG2, SCG3, orexin, MCH, NPY, and POMC. Upper panel: 7-week-old mice (nZ6) were deprived of food (free access to water) for 24 h after being provided with regular laboratory chow for 1 week. Middle panel: mice (7 weeks old) were provided with regular laboratory chow (nZ6) or with a high-fat diet (nZ6) for 8 weeks. Lower panel: 7-week-old ob/ob and C/? mice were provided with regular laboratory chow for 1 week and the hypothalamic region was obtained. Relative amounts of SCG2, SCG3, orexin, MCH, NPY, POMC, and b-actin mRNA were determined by quantitative real-time PCR. The quantities were normalized to the mRNA level of b-actin, which was used as an and SCG3 were expressed as a granule-like structure in the cell, and they were colocalized with orexin, NPY, MCH, and POMC. In this study, we demonstrated that SCG2 and SCG3 form a secretory granule core complex with these peptides. As previously reported (Hosaka et al. 2005 , SCG3 bound to POMC; however, it did not bind to orexin, MCH, or NPY. By contrast, SCG2 formed aggregates with orexin, MCH, NPY, and POMC. Because SCG3 acts as a sorting receptor that directs hormone carrier proteins to the secretory granules, SCG2 may act as a hormone carrier for orexin, MCH, NPY, and POMC to SCG3.
The expression of SCG2 in MCH neuron was much lower than that in orexin, NPY, or POMC neurons. Although further investigation is required, the distinct granin composition of secretory granules may determine MCH-specific secretory and release mechanisms different from those for orexin and NPY.
The mRNA levels of SCG2, SCG3, orexin, MCH, and NPY increased in the hypothalamus of mice after a 24-h fast. By contrast, the mRNA levels of these proteins and peptide hormones were unchanged between mice fed with a high-fat diet and those fed with a normal chow diet. Similarly, these mRNA levels were also unaltered between leptin-deficient mice (ob/ob mice) and lean control mice. Therefore, the mRNA levels of SCG2, SCG3, orexin, and MCH may be regulated during an acute body weight loss, but not during chronic body weight gain. Because the leptin level was decreased by fasting and increased by a high-fat diet, these mRNA levels may be regulated by a sharp decrease in the leptin level. By contrast, they were not regulated by a gradual increase in the leptin level or continuous leptin deficiency. Leptin is postulated to play an important role in the regulation of energy deficit rather than energy excess (i.e. obesity; Chan & Mantzoros 2005) . Therefore, SCG2 and SCG3, along with orexin and MCH, would play more essential roles during an energy deficit than during an energy excess. By contrast, the NPY and POMC mRNA levels appeared to be regulated by leptin levels, but not by mechanisms involving SCG2 and SCG3 mRNAs. The NPY and POMC neurons exist in the ARC, adjacent to the third ventricle, and are the first-order neurons in the hypothalamic response to circulating leptin. The first-order NPY and POMC neurons are regulated by leptin, and are projected to the PVN and the LHA, where the second-order hypothalamic neuropeptide neurons (such as orexin and MCH neurons) act to regulate food intake and energy homeostasis (Schwartz et al. 2000) . This signaling system would also affect the SCG2 and SCG3 mRNA levels, since these mRNA levels increased more substantially in the LHA and PVN compared with the ARC after fasting, although the comparison was qualitative rather than quantitative.
In conclusion, we identified SCG2 as an SCG3-binding protein. To our knowledge, there are no reports indicating the involvement of SCG2 in appetite regulation; however, Figure 7 Effect of fasting on the mRNA expression of SCG2 and SCG3 in PVN, LHA, and ARC. Seven-week-old mice (nZ6) were deprived of food (free access to water) for 24 h after being provided with regular laboratory chow for 1 week. Tissue sections were hybridized with a DIG-labeled RNA probe for SCG2 and SCG3. The bound DIG-labeled RNA probes were visualized by ELISA with alkaline phosphataseconjugated anti-DIG antibodies, 5-bromo-4-chloro-3-indolyl phosphate (BCIP), and nitroblue tetrazolium salt (NBT).
in view of the present data, we propose that SCG2 is a potential regulator of food intake, because SCG2, together with SCG3, forms a secretory granule core complex with orexin, NPY, POMC, and MCH.
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